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INTRODUCTION 
The successful application of laser techniques for ultrasonic testing depends on the 
efficient coupling of optical energy into elastic energy so that laser probe detection sensitivity 
may be maxirnized. Through optirnization of the laser source which is used to generate 
ultrasonic waves, the overall performance of laser ultrasonic systems may be enhanced by 
improving the efficiency with which optical energy is converted to elastic energy. This 
optimization depends primarilyon the source laser wavelength which govems the physical 
interaction of the optical energy with the material of interest. For a given laser source 
wavelength, several techniques have been demonstrated which modify the laser source to 
enhance the detectability of laser ultrasonic waves and inc1ude the repetitively pulsed laser 
source [1,2], or temporal array, and the phased array laser source [3],or phased array. 
These techniques directly address the wave detectability issue by controlling the amplitude 
andlor the frequency content of the laser ultrasonic wave. Even though the overall 
conversion efficiency of optical energy to elastic energy is not improved primarily by 
repetitive pulsing or phasing laser arrays, the detectability of a given laser ultrasonic wave 
may be enhanced beyond that obtained using a single laser source. 
The degree to which laser probe detection sensitivity may be enhanced using temporal 
or phased arrays is govemed by the array design and the individual array element character. 
Generally, the design of the laser array govems the overall nature of the resulting ultrasound; 
however, the form of the individual array element affects the efficiency with which the laser 
array performs. Variations in the spatial and temporal extent of the array element change the 
combined effect of the array elements. In this work, predictive and prescriptive modelling of 
laser arrays is performed to demonstrate the effects of array element extent on laser mTaY 
performance. 
THE rnERMOELASTIC LASER SOURCE 
Realistic modelling of the thermoelastic laser source has been the topic of many 
presentations which have addressed, not exc1usively, the effects of finite spatial ex te nt [4,5], 
thermal diffusion [6,7,8] and temporal extent [6,8] of the laser source on ultrasonic 
displacements. The modelling presented here is most c10sely related to that performed by 
McDonald [8] and is based on the generalized theory of thermoelasticity. 
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Using temperature-rate-dependent thermoelasticity theory in the thermal stress 
approximation [9], the laser source may be expressed conditionally in terms of an equivalent 
elastic boundary source. This boundary source representation can be shown 
to hold if the following conditions are satisfied: 1) the point of observation of the elastic 
disturbances is outside the volume defined by significant thermal diffusion 2) optical energy 
is converted to heat near the irradiated boundary 3) in the case of an irradiated plate, the non-
irradiated face of the plate is far enough from the source so that the plate appears both 
optically and thermally thick on the time scales of interest and 4) the thermal speed in the 
material is equal to the longitudinal wavespeed. These conditions hold or are satisfied 
approximately under a wide variety of circumstances. 
Given that the enumerated conditions hold, the laser source may be written in terms 
of the Hankel-Laplace transforms of elastic boundary stresses as follows: 
0' I =...e..- - 'lO_Q(p)Q(s) - ()[ K:(ß2 + p2)] 
zz z=O b2 s~ '~ (1) 
(2) 
where 
(3) 
(4) 
Q() -p'R'8/ d Q(s) -_ L{(8t3j"..4)e-2t'/r} p =e /8 an • (5) 
where (J" is the normal stress, (Jrz is the shear stress, L{ (Jij } = O'ij denotes the Laplace 
transform, Ho{O',J = atz denotes the Hankel transform of zero order, H]{O'rz} = a;, denates 
the Hankel transform of first order, p is the Hankel variable, s is the Laplace variable, Q(p) 
is the Hankel transform of the spatial profile of the laser pulse, Q(s) is the Laplace transform 
of the temporal profile of the laser pulse, p is the material density, a is the reciprocal of the 
dilatational (longitudinal) wavespeed, b is the reciprocal of the rotation al (shear) wavespeed, 
K: is the material thermal diffusivity, !20 is the energy of the laser pulse which is absorbed 
divided by the thermal conductivity of the material, and r = Ba2 ar / p where B is the bulk 
modulus of the material, ar is the coefficient of volume thermal expansion. For the 
boundary stresses shown above,the laser source has been assumed to have a Gaussian, 
transverse spatial profile and the temporal profile is taken to be that presented by Schleichert 
et al. [7]. Arbitrary temporal and spatial profiles may be modelled by substituting the 
appropriate transforms for those used in the stress transforms given. For example, in the 
limit as r ~ 0 and R ~ 0 , the source described assumes the form of an impulsive point 
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Fig. I. La er ultrasonic apparatus for mea uring clisplacement in a plate. 
heating at the boundary. In these limits, the shear stress transfonn in eq.(2) may be inverted 
to yield the results presented by Rose for the surface-center-of-expansion [10]. Even in 
these limits, the successful, analytical inversion of the nonnal stress transfonn has not been 
obtained; however, for times approaching zero, the nonnal stress takes the fonn of a point 
impulse loading toward the boundary. 
The action of the thennoelastic laser source may be modelIed using the equivalent 
elastic boundary source given above by using the stated stresses in the appropriate elastic 
boundary conditions. For the results to be presented here, the stress transfonns are included 
in the boundary conditions of an infinite plate which is initially stress free. The resulting 
transfonns for the displacement of the plate boundaries are numerically inverted by direct 
calculation of the transfonn integrals. 
1.00 .,---------------, 
050 
c E 0.00 
.. 
u 
o 
1 
- 0.50 
(0) 
l imo (i .. ) 
0.020 ,---------------, 
0010 
I 
~ 0.000 +--~"'t__T_""'----­
E 
~ 
J? g 
-0.010 
-0.020 +.-~...,..,...,..,..,.,...,..,..,..,...;..,...,.....,..........,........,..,.......,...,.-l 
1 00 2.00 3.00 4 00 
Töme ~) 
Fig. 2. Displacement wavefonns showing the longitudinal wave arrival from an extended 
las~r source. Wavefonns are shown as a function of the off-epicenter angle, rp, in 
a 10.0 mm thick aluminum plate. (a) Experiment and (b) Theory. 
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The ability of this model to predict the laser ultrasonic displacements produced by an 
extended laser source in a plate was tested so that confidence could be placed in any 
prescriptive formulation made for laser arrays. A 76 mm diameter plate of 2024 aluminum, 
10.0 mm thick was irradiated on one face with a 1.064 11m laser pulse from a Laser 
Photonics YQL 102 laser. The resulting displacements on the opposite face of the plate were 
detected using a skewed-stabilized-Michelson interferometer and were recorded as a function 
of the off-epicenter angle. The experimental apparatus is shown in Fig. 1. The results of the 
experiment along with the corresponding results obtained using the boundary source model 
are shown in Fig. 2. For purposes of clarity, this figure shows only the initial out-of-plane 
displacements (which include the longitudinal wave arrivals) as a function of the off-
epicentral angle, ({). The experimental and theoretical displacements (theory shows 
displacement per millijoule of laser energy incident on the sampie) agree within the 
uncertainties of the experiment and the calculation. Overall agreement is good with 
discrepancies being attributed mainly to the non-Gaussian transverse profile of the Y AG 
laser. 
PREDICflVE AND PRESCRIPTIVE MODELLING OF LASER ARRA YS 
Given the validity of the model in predicting the ultrasonic displacements from an 
extended laser source, the thermoelastic generation of ultrasound using laser arrays may be 
predicted. For a11 of the arrays to be considered, the total optical energy is constant. The 
optical energy incident on the plate under consideration is independent of the number or size 
of array elements and the energy of each array element is constant within a given array. 
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Fig. 3. Displacement waveforms and spectra of the epicentrallongituinal wave arrival in a 
plate from a repetitively pulsed laser source: 5 pulses at 10.0 MHz. (a) Pulse 
width, 'f, of 12.5 ns. (b) Pulse width of 50.0 ns. 
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The Temporal Laser Array 
Consider first the temporal laser array in which the excitation laser is pulsed 
repetitively and the point of excitation on the sampie surface remains fixed. This laser 
ultrasonic technique compresses the signal energy of the received ultrasonic displacement 
waveform into frequency bands where the displacement waveform signal-to-noise exceeds 
that produced by a single-broadbanded laser pulse. From a signal processing point-of-view 
it is desirable to compress as much of the signal energy into the smallest range of frequencies 
so that signal-to-noise is maximized [11,12]. Primary attention is given to the longitudinal 
wave arrivals since they are not obscured, generally, by arrivals of other waves in a plate. 
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Fig. 4. Displacement waveforms and spectra of the longitudinal wave arrival from a 
repetitively pulsed laser source on epicenter and 30° off epicenter: 5 pulses at 10.0 
MHz, pulse width = 25.0 ns, pulse radius = 6.5 mm. (a) Plate surface 
displacement and (b) Magnitude of Fourier transform of the displacements. 
For example, the epicentral, longitudinal wave arrivals produced in a 10.0 mm thick 
aluminum plate resulting from a temporal array of five laser pulses spaced 0.1 ~s apart may 
be mode lIed using the equivalent elastic boundary stress model. The predicted displacement 
resulting from this array is shown in Fig. 3. Figure 3(a) shows the displacement and the 
corresponding Fourier transform magnitude wh ich result if the laser pulse width is r = 12.5 
ns; Fig.3(b), if the laser pulse width is r = 50.0 ns. Notice that the overtones in the 
frequency domain are larger relative to the fundamental for the shorter laser pulses in 
Fig.3(a) when compared to the results in Fig.3(b). More energy is contained in the 
overtones of the short pulse waveform compared to the long pulse waveform where the pulse 
width is equal to half the interpulse spacing. 
Signal energy compression into the fundamental frequency band for laser sources 
may be improved by moving off-epicenter to detect ultrasonic displacements. By moving 
off-epicenter, the amplitude of the longitudinal arrival may be larger and the finite size of the 
laser source naturally broadens the longitudinal arrival. In plates, the out-of-plane 
component of the longitudinal wavefront reaches a maximum between 400 and 500 off-
epicenter. For example, using the temporal array described previously, the expected 
longitudinal arrival displacements at 300 are shown in Fig.4(a) with the corresponding 
Fourier transform in Fig.4(b). Notice that the energy has been compressed into the 
fundamental more efficiently than in the epicentral case (which is overlaid for comparison). 
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For off-epicentral waveforrns, energy compression into the fundamental can be facilitated by 
proper choice of the source size and shape. 
The Phased Laser Array 
Next, consider the phased laser array. The phased laser array is constructed such that 
the elements in the array are staggered in time and space to reinforce an elastic wavefront in 
the material for a given off-epicenter angle. This angle is referred to as the phasing angle. 
Consider the phased array where five laser pulses having Gaussian radii of 1.0 mm are made 
to impinge on a 10.0 mm thick plate with pulse centers at 0.5 mm apart. The time separation 
between pulses is adjusted such that the phasing angle is 40° for the longitudinal wavefront. 
The expected displacement waveforrn for the longitudinal arrivals at the phasing angle, 400, 
and at the conjugate angle, -400, are shown overlaid in Fig. 5(a). The magnitudes of the 
corresponding Fourier transforrns are shown in Fig. 5(b). If detection of these 
displacements were perforrned with a transducer which is sensitive about the center 
frequency of 10.0 MHz, then the signal amplitude in the phasing and conjugate directions 
would be essentially equal and the apparent gains in signal directivity produced by phasing 
arrays would not be realized. However, if the transducer is sensitive about 5.0 MHz then 
large differences between the signal amplitudes at the two angles would result and apparent 
source directivity changes would be inferred. 
The apparent directivity of the phased array source may be altered by increasing the 
size of the array element. If the array element Gaussian radius is increased to 3.7 mm and all 
other array parameters stay the same as before, then the expected displacements at the 
longitudinal wavefront are shown in Fig.6(a) with the corresponding Fourier transforrn 
magnitudes shown in Fig.6(b). Little signal is at 10.0 MHz so that throughout the frequency 
range where there is appreciable signal, there is an apparent enhancement of the source 
directivity in the direction of the phasing angle. This enhancement may be altered 
significantly by designing an array with different element spacing and timing while 
maintaining the phasing angle. However, for a given phased array the apparent directivity is 
strongly affected by the element size and the frequency of observation. 
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Fig. 5. Displacement waveforrns and spectra of the longitudinal wave arrivals from a 
phased array: 5 pulses delivered to achieve the phasing angle of 40°, pulse radius = 
1.0 mm. (a) Longitudinal displacements at the phasing and conjugate angles and 
(b) Transforrn magnitudes of (a). 
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Fig. 6. Displaeement wavefonns and speetra of the longitudinal wave arrivals from a 
phased array: 5 pulses delivered to aehieve the phasing angle of 40°, pulse radius = 
3.75 mm. (a) Longitudinal displaeements at the phasing and eonjugate angles and 
(b) Transfonn magnitudes of (a). 
CONCLUSIONS 
Using the equivalent elastie boundary souree model for the laser souree and 
perfonning direet numerieal inversion of the Hankel-Laplaee displaeement transfonns, the 
ultrasonie displaeements in a plate produeed by extended laser souree have been modelIed 
aeeurately. Applying this model to laser arrays allows predietive statements eoneeming array 
efficieney. For the repetitively pulsed laser souree, the temporal laser array, efficient 
frequeney eompression is best aehieved by deteeting longitudinal waves off-epieenter in 
plates where the souree size and shape direetly influenee the longitudinal wave shape and 
duration. The longitudinal arrival may be tailored for a given repetition frequeney to yield 
efficient overtone energy eompression into the fundamental frequeney band. For phased 
arrays, the apparent direetivity of the array is heavily influeneed by the array element size and 
spaeing as weIl as the frequeney at whieh the displaeements are deteeted. It was shown that 
equal amounts of energy at a given frequeney may propagate simultaneously in the phasing 
and in the eonjugate directions. This effeet may be minimized by properly seleeting the 
deteetion frequeney or by ehanging the array design (element size and spaeing). 
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